Abstract: Single particle tracking (SPT) enables light microscopy at a sub-diffraction limited spatial resolution by a combination of imaging at low molecular labeling densities and computational image processing. SPT and related single molecule imaging techniques have found a rapidly expanded use within the life sciences. This expanded use is due to an increased demand and requisite for developing a comprehensive understanding of the spatial dynamics of bio-molecular interactions at a spatial scale that is equivalent to the size of the molecules themselves, as well as by the emergence of new imaging techniques and probes that have made historically very demanding and specialized bio-imaging techniques more easily accessible and achievable. SPT has in particular found extensive use for analyzing the molecular organization of biological membranes. From these and other studies using complementary techniques it has been determined that the organization of native plasma membranes is heterogeneous over a very large range of spatial and temporal scales. The observed heterogeneities in the organization have the practical consequence that the SPT results in investigations of native plasma membranes are time dependent. Furthermore, because the accessible time dynamics, and also the spatial resolution, in an SPT experiment is mainly dependent on the luminous brightness and photostability of the particular SPT probe that is used, available SPT results are ultimately dependent on the SPT probes. The focus of this review is on the impact that the SPT probe has on the experimental results in SPT.
INTRODUCTION
The molecular composition and organization of the mammalian plasma membrane is very complex [1] [2] [3] [4] [5] [6] [7] [8] [9] . Hundreds if not thousands of different lipid species are present in the plasma membrane with the main lipid types being phospholipids (with a variety of fatty acid chain lengths and degrees of unsaturation), cholesterol, and sphingolipids. Phospholipids and cholesterol are present in about equal amounts and together account for 85-90 % of the total lipids while sphingolipids account for a large majority of the remaining lipids [10] . It has further been estimated that ~30 % of the genome in eukaryotic organisms encodes for membrane inserted and membrane associated proteins giving rise to thousands of different membrane protein species, many of which are present in the plasma membrane [11] . The relative proportion of lipids and membrane proteins in the plasma membrane has been shown to be approximately equal by weight, corresponding to about one protein per 50 lipids [12] . However, while the general features of the composition are well characterized, the molecular organization of the plasma membrane of mammalian cells is not known [1] [2] [3] [4] . Much controversy exists in particular about the existence of lipid rafts, lipid-stabilized nanodomains which are thought to be highly enriched in cholesterol, glycosphingolipids (GSLs), and a wide variety of membrane proteins (e.g. glucosylphosphatidyl-inositol (GPI) anchored proteins) that are *Address correspondence to this author at the Department of Physics and Chemistry, and MEMPHYS -Center for Biomembrane Physics, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark; Tel: +45 6550 3505; Fax: +45 6550 4048; E-mail: lagerholm@memphys.sdu.dk important for a range of cell signaling pathways [3, 5] . There are also other complementary models for the nanoorganization of the plasma membrane of cells that still remain to be fully evaluated [2, 7] . These include for example the anchored-transmembrane-picket-model, where the long-range lateral diffusion of membrane proteins and lipids in native plasma membranes is hindered by integral membrane proteins that are immobilized by direct interaction with the actin cytoskeleton [8] .
The biggest challenge in studies of the molecular organization of the plasma membrane has been, and still is, the lack of experimental techniques that are capable of directly resolving possible small transient structures in the plane of the plasma membrane. The methods of choice to date have been the closely related single particle tracking (SPT) and single molecule fluorescent tracking (SMFT) imaging techniques. In both of these techniques information about the molecular organization of the plasma membrane is inferred from careful analysis of the motion of single lipids and membrane proteins that are embedded in the plasma membrane. Because SPT and SMFT are closely related imaging techniques, differing primarily only in the identity of the probe that has been attached to the target molecules, where for SPT the probe is composed of a particle (e.g. a gold particle, a fluorescent bead, or a fluorescent quantum dot (QD)) and for SMFT the probe is composed of a fluorescent dye or a fluorescent protein (FP), we will henceforth use the acronym SPT to refer to both.
As mentioned above, the organization of the native plasma membrane deviates significantly from that of simple, homogenous artificial model membranes. In fact, SPT experiments suggest that the native plasma membrane contains a variety of barriers that limits the motion of lipids and membrane proteins over a wide range of sizes, from tens to hundreds of nanometers, and durations, from a few milliseconds to seconds [8] . Consequently, in SPT experiments in native plasma membranes, there is an intricate relationship between the optical characteristics of the SPT probe and the accessible temporal sampling, the duration of an experiment, the spatial resolution, the results, and the interpretation of the results. This is because the brighter the probe is, the faster is the accessible temporal sampling and the better is the spatial resolution. Furthermore, the more photostable the probe is, the longer is the total accessible duration of an experiment. However, because available bright and photostable probes, e.g. QDs and gold particles are relatively large, SPT experiments at very fast sampling intervals, or for very long durations, have so far mainly only been possible with large probes. But larger probes are typically also more susceptible to artifacts from e.g., steric hindrance as result of membrane topology and molecular crowding, and as a result of probe induced cross-linking due to difficulties in the preparation of large monovalent probes (e.g. gold particles and QDs). Consequently, there are unanswered questions about whether SPT results acquired at very fast sampling intervals are an artifact of the large probe size or are a reflection of the native organization of the plasma membrane.
The primary focus of this review is the relationship between the SPT probe and the SPT results, in particular with respect to the suggested organization of the native plasma membrane. In this review we give a brief introduction to the relevant theoretical expressions and a brief overview of experimental results of motion in a membrane. This is followed by a brief description of SPT and a more detailed description of relevant SPT probes. Finally, we give a summary of recent SPT results with an emphasis on investigations of the plasma membrane organization.
MOLECULAR MOTION IN SOLUTION AND IN BIOLOGICAL MEMBRANES 2.1. Theoretical Expressions for Diffusion
A free molecule in a dilute and uniform solution, or in a homogeneous biological membrane, will undergo random Brownian motion that is characterized by a diffusion coefficient D. The diffusion coefficient relates to the thermal energy of the system under study and the frictional drag experienced by the molecule. The distance a molecule diffuses, measured as the mean square displacement (MSD), in a time interval t is linearly dependent on the diffusion coefficient:
where is the number of dimensions of the system under study. In solution, the molecule is free to diffuse in three dimensions (i.e. = 3) while in a membrane the diffusion is within a two dimensional plane (i.e. = 2).
The diffusion coefficient, D S , of a molecule, with a radius of hydration R H , in solution is given by the Stokes-Einstein equation:
S R H
where k B is the Boltzman constant, T is the absolute temperature, and S is the viscosity of the solution.
Theoretical expressions for the translational diffusion of a molecule embedded within a membrane are much more complex. In the limit where the molecular radii, R, of the membrane molecule is less than or equal to the radii of the lipids, the appropriate theoretical formulations for the translational diffusion, D M , are given according to the free area theory [13] [14] [15] . For membrane molecules with a molecular radii, R, larger than the lipids but where the dimensionless parameter, = 2 S R / M h, is << 1, the translational diffusion, D M , can be approximated by the hydrodynamic continuum theory which was derived by Saffman and Delbrück [16] :
In this model, the membrane molecule is approximated as a hard cylinder of radius R and height h, which is embedded within a membrane with viscosity M and surrounded by aqueous phases of viscosity S on both sides, and is Euler's constant ( = 0.5772). This equation has been derived for the case of a homogeneous and continuous lipid bilayer membrane based on the Singer-Nicolson fluid mosaic model [17] .
Importantly, the Saffman-Delbrück relation predicts that there is a much weaker dependence on the molecular radii, R, for diffusion in a membrane ( ln(1/R)) than in solution ( 1/R). Also worth noting is that the lateral diffusion coefficient of molecules that are embedded within a membrane as given by the Saffman-Delbrück equation is much slower than the corresponding diffusion of equally sized molecules in solution as given by the Stokes-Einstein equation. This is because the viscosity in the membrane, M , is about 100 times larger than the viscosity in the surrounding aqueous space, S [16, [18] [19] . The large relative ratio of the viscosities further predicts that the diffusion of a molecule within a membrane is determined by the part of the molecule that is embedded within the membrane. This is also the rationale for why an exogenous probe that has been attached to a membrane molecule is expected to only minimally perturb the diffusion, even in cases where the probe is much bigger than the membrane molecule. This is of course only true to a limit as the diffusion coefficient of the probe molecule decreases as its size increases, eventually approaching that of the membrane target molecule. The diffusion coefficients of a membrane species and a probe in solution as given by the Saffman-Delbrück and Stokes-Einstein equations, respectively, are plotted in Fig. (1) . The plot can be used to estimate the relative influence of an attached probe on the diffusion of a membrane molecule, for example the diffusion coefficient, D M , for a membrane molecule with R = 1 nm, h = 4 nm, and M / S = 100 is ~4.3 m 2 /sec which corresponds to the diffusion coefficient, D S , of a molecule in solution with R H 49 nm. Hence, in this case the probe should be << 49 nm in radius. Worth noting, for the forthcoming discussion, is also that a probe of R H = 20 nm has a D S 11 m 2 /sec in water ( S = 1.002 cP) at 20 o C.
The Saffman-Delbrück relation (Eq.3) has also been further extended for all values of the dimensionless parameter by Hughes et al. [20] [21] [22] . In addition a phenomenological model with an inverse dependence of the molecular radii (1/R) for membrane molecules in the size range of 0.5 <R < 3 nm has been recently introduced [23] . None of the alternative models have, however, been conclusively experimentally verified to be better than the Saffman-Delbrück relation in the case of describing the dependence of the molecular radii over a range of 0.5 < R < 7 nm, and the diffusion coefficient, D M , for monomers of membrane proteins and small oligomers of membrane spanning peptides and membrane proteins (see also the discussion below) [18] [19] [24] [25] . 
Experimental Results for Diffusion in Membranes
In general, for reconstituted lipid membranes, e.g. supported lipid bilayers (SLBs) and giant unilamellar vesicles (GUVs), the translational diffusion rates are typically reported to be in a range of ~1-10 m 2 /sec with variations due to the specific molecules and a number of factors depending on the experimental setup [26] . That is, under otherwise identical conditions, diffusion in SLBs is generally twofold slower than in GUVs, and where measurements in SLBs indicate that there is strong inter-leaflet coupling with identical diffusion coefficients in both leaflets [27] . Furthermore for SLBs, the aqueous layer between the support and the bilayer is important for the motion of molecules [28] . Lipid diffusion has also been found to decrease with increased concentrations of NaCl [29] and hydrogen bonding of lipid head groups, containing mono-and disaccharides, also decreases the diffusion by a factor of as much as three [30] . The diffusion of lipids and proteins in reconstituted membranes are also correlated as an increase of the membrane protein concentration result in slower diffusion of both lipids and proteins [19, 31] . However, the most important factor for the translational diffusion rate in reconstituted model membranes seem to be the lipid composition as the acyl chain length and particularly the presence of sterols (e.g. cholesterol) have large impacts on the diffusion and importantly on the phase of the bilayer under study. In ternary phospholipidcholesterol-sphingolipid mixtures which are thought to reflect the composition of lipid rafts, micrometer sized liquidordered domains rich in cholesterol and sphingolipids form where diffusion rates are 2-20 times slower than in the liquid-disordered phase of the same bilayer [32] [33] .
The dependency of the molecular radii, R, on the diffusion coefficient, D M , has been investigated for a large number of systems (e.g. [14, 18-19, 24, 31, 34] ). In these studies and others, the existence of two parameter regimes with a transition region for a molecular area of ~1 nm 2 (corresponding to R ~ 0.6 nm) has been validated by investigating the diffusion of a combination of lipid and membrane proteins [34] [35] , and more recently also by systematic investigations of the diffusion of lipid-like macrocyclic polyamides [36] and selectively aggregated membrane spanning peptides [24] . Furthermore, the weak dependency of the diffusion coefficient, D M , on the molecular radii, R, for larger membrane molecules as predicted by the Saffman-Delbrück relation, has been experimentally validated for e. g. bacteriorhodopsin (2R = 4.3±0.5 nm) in large multilamellar vesicles composed of DMPC [18] and more recently for membrane proteins, ranging in size from 0.5 < R < 4 nm, which had been incorporated at low protein concentrations (~10-100 proteins/ m 2 ) in GUVs composed of DOPC: DOPG (3:1, mol:mol) [19] . The relation has further been verified by mesoscopic simulation for R < ~7 nm [25] . Combined, these results suggest that the Saffmann-Delbrück relation (Eq. 3) a reasonable model in the size range of 0.5 < R < 7 nm (see Fig. (1) ).
In both the experimental cases, it was also found that the diffusion coefficient of both lipids and proteins depends strongly on the membrane protein density. Peters and Cherry found that the diffusion coefficient of bacteriorhodopsin was reduced from ~3.4 m 2 /sec at a lipid to protein (L/P) ratio of 210:1 (corresponding to ~6,500 proteins/ m 2 with a lipid area of 0.65 nm 2 ) to ~0.15 m 2 /sec at a more physiologically relevant L/P ratio of 30:1 (corresponding to ~28,000 proteins/ m 2 ). Ramadurai et al. found that the diffusion coefficients of both lipids and proteins decreased linearly with increasing protein concentrations further indicating that molecular crowding plays a significant role in the motion of molecules in membranes. An extrapolation of the linear dependence of the diffusion coefficients to the approximated protein densities of ~25,000 proteins/ m 2 in biological membranes in this case would result in an order of magnitude decrease in the diffusion coefficient from that observed at protein concentrations of ~3000 proteins/ m 2 . This decrease in the diffusion coefficients at greater protein densities is not predicted by the Saffman-Delbrück equation but is consistent with a long known discrepancy between measurements of the thermal motion of lipids and membrane proteins in reconstituted lipid membranes as compared to in the native biological membranes of live cells [37] [38] [39] .
In contrast to the above results which were obtained in free-standing vesicles, Gambin et al., have investigated the dependence of the molecular radii, R, on the diffusion coefficient, D M , of single-spanning peptides and multi-pass spanning membrane proteins with a size range of 0.5 < R < 3 nm in model membranes that are in contact with a solid substrate [23] . Based on these results the authors have introduced a heuristic model with an inverse dependence of the molecular radii (1/R) on the diffusion coefficient, D M , for the tested size range. The validity of these results is, however, likely very strongly influenced by non-specific interactions between the substrate surface and the membrane molecules as is e.g. illustrated by the very slow diffusion that these authors obtained for bacteriorhodopsin (0.08 m 2 /sec) as compared to that measured by Peters and Cherry (3.4 m 2 /sec) in freestanding membranes [18] [19] .
In contrast, the translational diffusion of lipids and proteins in native biological membranes of live cells is typically found to be at least an order of magnitude slower than in reconstituted membranes, or ~0.01-0.5 m 2 /sec, again with variations due to the specific molecule, cell type, and measurement technique [8, 40] . Ample evidence exist that suggests that the slower diffusion in native membranes is caused by a combination of reasons including molecular crowding, specific molecular interactions, membrane topology, interactions with the actin cytoskeleton, and interactions with nanostructures within the membrane (e.g. caveolae, clathrin coated pits, and hypothesized lipid rafts) [2, 7, 41] . This is perhaps also to be expected considering the complicated composition of the native plasma membrane that is also not an isolated entity but rather contains physical links to both the extracellular space and the cytoplasm that can act as barriers to the translational diffusion of molecules within the lipid bilayer of the membrane. In addition, native membranes are in continuous flux, for example the equivalent of the entire cell surface is estimated to be internalized one to five times per hour [42] [43] .
SINGLE PARTICLE TRACKING
Classical methods like fluorescence recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy (FCS) has found frequent and often successful use in characterizing the lateral dynamics of lipids and proteins in a variety of reconstituted membrane model systems [44] . However, in the case of experiments in native biological membranes, the results from these techniques are more difficult to interpret. For example, FRAP experiments in native biological membranes often result in a fluorescence recovery rate that is not well described by a single diffusing component. In addition, these experiments often also result in only partial fluorescence intensity recovery indicative of the presence of an immobile fraction. Similarly, FCS experiments will often also result in autocorrelation data that is not well described by a single diffusing component [45] [46] . While these results suggest that native biological membranes are more complex in organization than reconstituted membrane model systems the full extent of the complexity cannot generally be resolved. In the case of both FRAP and FCS, the resulting experimental data is further an ensemble time average for the fluorescently labeled molecules that diffuse through the observation volume for the duration of the measurement. The heterogeneity behind these averages can only be accessed by using single molecule techniques, with SPT being the technique that allows giving the most information on the individual single molecules [39, [47] [48] [49] . SPT is typically done as a 2D measurement although 3D measurements are also possible, however, at a much reduced sampling rate [50] .
Technical Principles of SPT
SPT is a light microscopy technique in which the motion of single molecules, that have been specifically labeled with e.g. a gold particle, a fluorescent dye, protein, or nanoparticle (e.g. QD) are imaged at an acquisition rate of ~10-50,000 Hz [8, 39, 47, 49, 51] . Importantly, using SPT it is possible to greatly surpass the spatial resolution limit of light microscopy, d, which due to the diffraction of light is limited according to the Abbe resolution limit to d = /(2NA obj ), where is the wavelength of the emitted light, and NA obj is the numerical aperture of the microscope objective. For = 500 nm and NA obj = 1.3 the Abbe resolution limit is ~190 nm.
The optical principle behind SPT is that an image of a single point object, acquired from a diffraction limited light microscope, is an Airy pattern, the center of which is the Airy disc and which contains the bulk of the luminous intensity (~84 %). The image of a single molecule can hence for all practical purposes, considering in particular typical signal-to-noise ratios (SNR) of relevant single molecule probes and at appropriate image acquisition settings, be approximated as an Airy disc. The intensity profile of the Airy disc, and hence of a single molecule, is well approximated by a 2D spatial Gaussian, I I 0 exp [-r 2 /(2w 2 )], where I 0 is the intensity at the center of the disc, and w is the full width at half maximum (FWHM) intensity and which for fluorescence microscopy is equal to w 0.61 /NA obj . The case where the maximum of one Airy disc falls on top of the minimum of another Airy disc is also known as the Rayleigh criterion, and this is the minimum distance by which two single molecules have to be separated in order to still be resolvable as two separate single molecules. In the limit, where the spatial separation of the imaged single molecules are separated by a distance that exceeds the Rayleigh criterion it is possible to determine the centroid position of single molecules very precisely by computational image analysis [47, 49, [52] [53] . Using this approach, the localization of single molecules can typically be done with a spatial precision of ~10-40 nm dependent on the SNR, the image acquisition time, and the diffusion rate of the observed molecule.
The thus obtained centroid positions for each single molecule are subsequently linked between image frames in order to be able to obtain trajectories that describe the motion of each detected single molecule as a function of time. Using these trajectories it is then possible to characterize the motion of the single molecules. This is most typically done by calculating the mean square displacement (MSD), either independently for each detected single molecule trajectory, or in the case where the single molecules trajectories are very short as an average for all detected single molecule trajectories [47, 49, 54] . Using this approach, it is possible to classify the modes of motion by analysis of the shape of the MSD versus time plots. This is most often done as a comparative classification relative to the motion expected for a single molecule that undergoes free Brownian diffusion in a 2D membrane [39, 47, 49] . Alternatively, it is also possible to obtain information about the motion by analysis of the probability distribution of the squared displacements at different time points [47, 55] A typical result from SPT experiments in plasma membranes is that the MSD plots are timedependent and often show negative curvature, meaning that the diffusion coefficients are greater at shorter distances and time intervals than at longer distances and time intervals [56] . This is indicative of spatial and temporal confinement where the diffusion is free on a spatial and temporal scale much smaller than the characteristic distance between the confining barriers in the membrane. This has resulted in that SPT results are often characterized by a short range diffusion coefficient, D micro , which is determined by the slope from a linear fit of only the first few points (e.g. points 2-4) of the MSD plot, and sometimes also by a long range diffusion coefficient, D macro , which is determined by the slope from a linear fit of a greater number of points on the MSD plot. In the case of a homogenous and continuous membrane such as the case of the fluid lipid mosaic model of Singer and Nicholson [17] the expectation would be that D micro = D macro , while in the case of a heterogeneous, compartmentalized membrane the expectation would be that D micro > D macro .
SPT Probes
In SPT there is a very intricate relationship between the optical characteristics of the probe and the accessible sample integration times, the sampling interval, the total duration of an experiment, the spatial resolution, the experimental results, and the interpretation of the results. This is because the brighter the probe is, the faster is the accessible sampling intervals and the better is the spatial resolution, and the more photostable a probe is, the longer is the experimental durations of an experiment.
General Aspects
SPT probes consist of two components, a "specificity module" which renders specificity to a membrane target molecule and a "label module" which renders indirect visibility of the membrane target molecule where relevant membrane target molecules are any molecule that directly interacts with the biological membrane of interest and can e.g. be a lipid, an integral membrane protein, or a lipid-anchored protein. The choice of the combination of the two modules can have a large impact on the execution of an experiment and on the experimental results. The ideal SPT probe would consist of a specificity module with a high specificity towards its membrane target molecule, and a label module which was infinitely bright, to enable experiments at infinite fast time intervals, and infinitely stable, to enable experiments for an infinite time period. The probe, as well as the specificity module, should ideally be monovalent to prevent probe induced cross-linking, which could result in the activation of signaling pathways or reduced mobility [39] . The probe size, which as discussed could be much larger than the target membrane molecule without perturbing the observed diffusion coefficient, should yet preferably be minimal in size in order to maximize access to the membrane target molecule and to minimize possible steric hindrance. Steric hindrance could for example result in that only a subset of target molecules is accessible for labeling e.g. due to molecular crowding or membrane topology [41] .
Commonly used SPT probes consist of a combination of labels like; fluorescent dyes, FPs, and QDs, and gold particles, and specificity modules like; antibodies (Abs), Fab fragments, and sAv etc. The probes and the individual parts are shown according to their relative sizes in Fig. (2A) . In Fig. (2B) , experimental FCS autocorrelation curves of probe molecule diffusing in solution are shown together with that for the diffusion of DPPE-Rhodamine in a GUV. The corresponding diffusion coefficients and hydrodynamic radii are given in Table 1 . The last column in this table gives the ratio between the probe diffusion in solution and the diffusion of a labeled membrane target molecule (DPPE-Rhodamine) in a GUV, as an indicator for the frictional drag effect of the probe size on diffusion of a membrane target molecule, see also to the discussion in relation to Fig. (1) . This ratio should preferable be >>1 for the probe to have minimal influence on the motion of the membrane target molecule. Properties of specificity modules and labels are further discussed below.
Specificity Modules
The specificity modules used in SPT can generally be classified into two categories; those that have affinities for naturally occurring membrane targets e.g. Abs, DNA and RNA aptamers, lectins, and various toxins such as cholera toxin subunit B (CTB), and those that first need the insertion of an artificial peptide or protein epitope tag in the target molecule in order to introduce labeling specificity [58] [59] . Epitope tags are often introduced via genetic insertions of sequences e.g. the biotin ligase acceptor peptide (BLAP) for streptavidin, [60] , the acyl carrier protein (ACP) for Coenzyme A (CoA) derivatives [61] , the SNAP tag for benzylguanine derivatives [62] , and tetra-cysteine peptide motifs for the biarsenical derivatives FlAsH and ReAsH [63] . A special case is the FPs since the tag and the specificity is combined in one unit together with the visible label module genetically expressed in immediate continuation of the target protein giving a pseudo-intrinsic probe with absolute specificity. In addition to the artifacts that a modification can induce, the main disadvantage of genetically introduced tags is that the modified proteins are typically expressed at nonphysiological levels [64] .
The size of the specificity module can change the total size of the entire probe considerably. This is especially the case when labeling is done by immunolabeling using both a primary and secondary Ab, sometimes even in combination Table 1 . with labeled sAv. In addition, some specificity modules are multivalent, e.g. Abs which are bivalent, native sAv which is tetravalent, and CTB which is pentavalent, and are hence capable of inducing cross-linking of the membrane target molecules. The problem of cross-linking can be circumvented by use of monovalent Fab Ab fragments or genetically engineered monovalent streptavidin [65] . Probe multivalency is also a problem in the case where the labels are gold particles or QDs. This is because these labels contain multiple surface binding sites for the specificity modules and because as a result any reaction between the two is limited by Poisson statistics. Hence even reaction conditions that strongly favor no binding of the specificity module to the label will result in a population of multivalent labels, e.g. a 2:1 (mol:mol) ratio of label to specificity module which, assuming a 100 % reaction yield, would result in ~60 % of labels with no specificity module, ~30 % of labels with one specificity module, ~8 % of labels with two specificity modules, and ~2 % of labels with more than 2 specificity modules. The preparation of monovalent probes, in the case where the label is a particle, thus requires a purification step capable of separating those particles that have only one specificity module from the rest. This has been accomplished by agarose gel electrophoresis of QDs that had been reacted with sAv [66] [67] [68] or poly-ethylene glycol (PEG) polymers [69] , and for gold particles that had been reacted with DNA [70] .
Labels

Fluorescent Dyes and Fluorescent Proteins
The smallest possible SPT labels are small organic fluorescent dyes. These can e.g. be directly attached to lipids creating fluorescent lipid analogs (e.g. Rhodamine-DPPE, NBD-DPPC, Bodipy-Cholesterol etc.). However, fluorescent lipid analogs, which may either have been modified in the hydrophobic acyl chain tails or the hydrophilic head groups, have significantly different chemical structure than the corresponding unmodified lipids and as a consequence the behavior of fluorescent lipids will often be altered. This is especially true for cholesterol, since attached dyes are almost equal in size to cholesterol, are often polar or even charged. Consequently no existing fluorescent cholesterol analog mimics the properties of native cholesterol [71] . Specific protein labeling with small dyes is also possible with for example systems like FlAsH, ReAsH, BLAP, ACP, SNAP and CLIP systems [59, 72] , were the dyes can bind directly to peptide tags in the target protein and render a probe that is smaller or comparable in size to FPs. However, in most cases fluorescent dyes are used in combination with e.g. intact Abs, Ab Fab fragments, or sAv in order to confer specificity towards the molecular target, hence increasing the size of the label and with the potential risk of causing cross-linking artifacts as discussed above.
The main disadvantages of fluorescent dyes are low brightness and poor photo-stability, thereby preventing single molecule imaging at very fast time intervals (not bright enough) and for long time durations (not stable enough). However, recently developed dyes like e.g. Alexa-647, which has a high molar extinction coefficient ( = 220,000 M -1 cm -1 at 647 nm), moderate quantum yield (QY = 0.33), and a high saturation intensity, has enabled SPT imaging at image acquisition rates up to 2000 Hz, but only for less than ten images [73] . In contrast, SPT experiments with the dye Atto647N ( = 150,000 M -1 cm -1 at 644 nm, QY = 0.65) have been reported at 10 Hz, but with a mean time duration of single molecule trajectories of 15 seconds [74] . FPs, like fluorescent dyes, also exist in a wide range of different colors [75] , and in a variety of modified forms such as e.g. photo-switchable FPs. The optical properties of FPs in terms of brightness and stability, however, are inferior to that of the better dyes, e.g. enhanced green fluorescent protein has a molar extinction coefficient, = 56,000 M -1 cm -1 at 484 nm, and a QY of 0.6. As a result, SPT with FPs is typically performed at 10-30 Hz, but has in the case of enhanced yellow FP (EYFP) been accomplished even at 200 Hz [76] . In both cases, the duration is typically limited to less than twenty image frames before the FPs irreversibly photobleach.
Quantum Dots
QDs are semi-conductor nanoparticles that are composed of inorganic cores of ~Ø 2-10 nm and which are the origin for their fluorescence properties with the size relating to the emission color. However, stabilization and functionalization of QDs in aqueous media requires that additional layers are added resulting in a final total size of ~Ø 15-30 nm. Functionalization of QDs with e.g. sAv [60] , CoA [77] , CTB [78] , Fab fragments [79] , or any other preferred biomolecule is relatively standardized and easy, but the number of attached bio-molecules, and hence the valence of the entire QD is difficult to control, with potential risk of crosslinking target molecules when used in SPT. The size of some QDs was also shown to limit their access to synapses [80] , but monovalent and size-reduced QDs have been made with markedly improved accessibility [67] [68] . More improvements along this direction are also expected.
The fluorescent properties of QDs are far superior to those of dyes and FPs. They have very high extinction coefficients ( = 1,100,000 M -1 cm -1 for sAv-QD605 at 488 nm) and yet moderate quantum yields (QY 0.5) which account for their extreme brightness. In our laboratory we have successfully imaged single moving QDs on the cell surface at rates up to 1760 Hz and ~0.5 msec integration time with the limiting factor being the readout speed of the camera. In terms of stability, the QDs do not photobleach easily on a time scale relevant for most SPT studies, thus they can be readily imaged for periods of several tens of seconds to minutes. A limitation to this being the observed blinking (alternation between a fluorescent on-and an off-state) [81] when imaged at the single molecule level, making SPT linking algorithms more demanding [52] [53] . QDs of different colors show similar and broad excitation, and have narrow symmetric emission spectra, making them ideal for multi-color imaging. This advantage has also been used in demonstrating that multispecies SPT with QDs is possible [66, 82] . More detailed information on QDs is available from other sources [83] [84] [85] [86] .
Gold Particles
Colloidal gold particles differ from the other labels in that the detected signal is based on light scattering rather than fluorescence, where the amount of scattered light is strongly dependent on the particle size. The scattering nature of the gold particles means that SPT with gold particles can only be performed for a single type of molecule at a time. In the case of SPT on native plasma membranes, the SNR typically dictates that Ø 40 nm non-functionalized gold particles are required. The large size of gold particles used in SPT is likely to restrict access to certain areas on the cell surface due to steric effects. Furthermore, as shown in Table 1 , the diffusion of a Ø 40 nm particle in solution is only twice that of a lipid molecule diffusing in a model membrane, thus gold particles are likely to have a notable influence on the diffusion of the membrane target molecules.
Specificity of gold particles is accomplished by charge mediated absorption of relevant specificity modules such as Abs or Fab fragments to the surface of the particles [87] . Similarly to QDs, however, colloidal gold particles also have to be stabilized for use in physiological conditions, in this case in order to prevent aggregation in presence of salts. Stabilization is typically accomplished by absorption of proteins to also include the mixed absorption of relevant specificity modules in combination with passive ligands that can be proteins e.g. Abs or Fab fragments that have no binding specificity at the investigated membrane, BSA (R H 3 nm) or poly-ethylene glycol (PEG) polymers e.g. Carbowax 20M which has an average molecular weight of 17.5 kDa [88] and an estimated radius of gyration, R g 9 nm (using R g N 0
where N 0 is the number of PEG monomers). The functionalization and stabilization of gold particles will thus most likely add at least ~10 nm to the diameter. Functionalized gold particles are hence ~2 times larger in diameter than a QD, and correspondingly have an 8 times larger volume. However, in terms of signal, gold particles are beyond comparison to any of the other labels. Accordingly, Kusumi and co-workers have performed SPT with gold particles at a frame rate of 50,000 Hz over extended time periods [89] .
SPT Results
SPT has been in particular instrumental in revealing the extent of the spatio-temporal heterogeneity in the organization of plasma membranes [52, 73, 87, [90] [91] [92] . This is because SPT is currently the experimental method that offers the best available combination in spatial and temporal resolution. This has enabled SPT to detect very small (~20-50 nm) and transient (~1-10 msec) organization as well as small (~100-300 nm) and longer lived (~1 sec) organization within the mammalian plasma membrane [87, 90, [93] [94] . In general, the SPT results of the detected modes of motion of lipids and membrane proteins in the plasma membrane are, independent of the SPT probe (and associated sampling intervals and the time durations) very heterogeneous, typically always displaying a large range of modes of motion to include free diffusion, confined diffusion, and combinations thereof [54, 74, 87, 92, 95] . A schematic of some typical modes of motion is found in Fig. (3) .
A frequent use of SPT is investigations of the plasma membrane nanostructure to include interactions with e.g. caveolae, clathrin coated pits, and hypothesized lipid rafts [54, 73-74, 82, 87, 89-93, 96-101] . In these studies, SPT sampling intervals have ranged from an extreme speed at 50,000 Hz with Ø 40 nm gold particles [89, 93] , 1000-1760 Hz with QDs [95] , 1000-2000 Hz with Alexa-647 [73] , 200 Hz with EYFP [99] , to a more typical sampling of ~30 Hz or slower for all the different labels. SPT data has furthermore been collected for a variety of time durations ranging from many tens of thousands of images for Ø 40 nm gold particles, thousands to a few tens of thousands of images for QDs, to less than ten to a few hundreds of images for fluorescent dyes and FPs. In a comparison of this SPT data it is apparent that the results of plasma membrane nanostructure are dependent on the acquisition parameters and consequently possibly also on the SPT probes.
Experiments at very fast temporal sampling rates of 40-50 kHz have so far only been possible in the Kusumi lab and by using Ø 40 nm gold particles as the label [2, 87, 89, 93, 101] . A unifying result from these studies is that all possible types of membrane target molecules, e.g. lipids, lipid anchored membrane proteins, and single and multi-pass integral membrane proteins, are confined in compartment sizes of~30-250 nm for average residency times of ~1-20 msec, where the characteristic sizes and times were found to vary in a cell dependent fashion [2, 100] . This confinement, which has been coined hop-diffusion, is dependent on the actin cytoskeleton, but neither on the presence of cholesterol nor on the removal of the major fraction of the extracellular domains of membrane protein or the extracellular matrix [2, 87, 100].
In the case of one cell line, NRK fibroblasts, the mean short range diffusion coefficient, D micro , over a 100 s time window, of the lipid DOPE within these compartments (~230 nm) has been reported to be 5.4 m 2 /sec [87] , with similar numbers also being reported in the same cell type for an integral membrane protein, the transferrin receptor (D micro = 5.2 m 2 /sec) [87] , and a 7-transmembrane protein, the Gcoupled protein receptor (GPCR) -opiod receptor (D micro = 4.2 m 2 /sec) [93] . The mean long range diffusion coefficient, D macro , over a 100 ms time window in these studies and for these molecules were typically independent of the label type (gold particles or Cy3) in the range of ~0.1-0.5 m 2 /sec [87, 93, 100] .
These results are particular surprising because even the phospholipids DOPE, and GPI-anchored proteins, neither of which have direct contact with the cytoplasmic space, are confined in compartments equal in size to those found for integral membrane proteins such as the transferrin receptor and the GPCR receptor [87, 89, 93, [100] [101] . In response to these results, the anchored protein picket model has been proposed. In this model, membrane proteins that are anchored to and aligned with the actin cytoskeleton act as pickets in a fence to restrict the free lateral diffusion of molecules in the membrane by a combination of steric hindrance and hydrodynamic friction [2, 8] . Because many of the membrane proteins extend into the extracellular space this model could then explain why membrane target molecules such as lipids and lipid anchored proteins also undergo hopdiffusion. This model is further supported by electron microscopy data that shows that actin filaments are in close proximity of the plasma membrane and forms compartments that are similar in size to those conferred by the SPT data [102] .
Another surprising aspect of this work is the proposed magnitudes of the diffusion coefficients of lipids and proteins alike within the confinement zones of ~5-8 m 2 /sec [87, 89, 93, 100] . This is equal in magnitude to that found in reconstituted model membranes, but only at much lower proteins densities than are considered to be physiologically relevant [18] [19] . The authors further justifies the proposed magnitude of the diffusion coefficient by reporting that similar magnitudes are also measured in cell blebs that are absent of actin cytoskeleton. However, the protocol used for preparing the blebs (incubation with 1 mM menadione for 1 h at 37 o C) has also been shown to reduce the cell surface density of transferrin and LDL receptor by ~70 % by inhibition of receptor recycling after incubation with only one fifth the dose of menadione (200 M) under similar conditions [103] . Similarly, reduction of the total protein content has further been demonstrated for other bleb forming protocols [104] . The reported short range diffusion coefficients in NRK cells for DOPE (D micro = 5.4 m 2 /sec), transferrin (D micro = 5.2 m 2 /sec), and -opiod receptor (D micro = 4.2 m 2 /sec) also suggests that the dependence on the diffusion coefficient on the molecular radii within the confinement zones is weaker even than that suggested by the Saffman-Delbrück equation. We also note that the reported magnitude of the diffusion coefficients of the lipids and protein within the confinement zones are equal to, or at best only one half the expected magnitude of, the diffusion coefficient of the free gold particles in solution hence suggesting that there should also be a significant frictional drag effect of the probe on the measured diffusion coefficient of the membrane target molecules (see also Fig. (1) ).
A caveat in these studies is of course that these results are so far obtained with one technique, SPT with Ø 40 nm gold particles. In response to this, Wieser et al. used SPT with significantly smaller probes consisting of either a Fab fragment (R H 2.9 nm) or an intact Ab labeled with the fluorescent dye Alexa-647 (R H 5.8 nm) in order to investigate the high-speed motion of the GPI-anchored protein CD59 in T24 (ECV) cells [73] . In this cell line, Murase et al. had previously reported that the lipid DOPE undergoes hop diffusion between compartments with a mean (±s.d.) size of 120±53 nm for an average residency time of 16 msec and with a D of 0.20±0.08 m 2 /sec (for gold-labeled DOPE with a 100 msec time window) [100] . In these experiments, SPT data was collected with acquisition times ranging from 50 sec to 1 msec and with sampling intervals ranging from ~10-2000 Hz. The representative duration in the case of using Fab fragments at 1000 Hz was only six image frames hence prohibiting individual trajectory analysis. Consequently all data Fig. (3) . Sketch of various diffusive behaviors in a membrane dependent on the dominating underlying structure. A) Brownian diffusion; the molecule is not influenced by any membrane structures. B) Confined diffusion where the motion is limited to a restricted area (dark grey) of the membrane. C) Mixed diffusion with areas of free diffusion and areas of confined diffusion (anomalous sub-diffusion). D) Hop-diffusion where the molecule is temporarily confined (dotted grey trajectory) by the underlying cytoskeleton (dashed lines). This phenomenon is only observed for SPT with large probes when imaging at very fast imaging rate, whereas at slow imaging rates the diffusion will appear free (black trajectory). analysis was done by time averaging over multiple trajectories from several cells but by using both MSD analysis and by analysis of the probability distributions of the squared displacements. The conclusions from this analysis was that the lipid anchored protein CD59, on average, undergoes normal Brownian diffusion (D micro = D macro ) for all conditions that were tested. The diffusion coefficients at 37 o C were found to range from 0.46±0.05 m 2 /sec for Fab fragments acquired at ~1000 Hz to 0.17±0.01 m 2 /sec with intact Abs acquired at ~600 Hz, thus indicating that in this case there is a very strong dependence on the probe, from a combination of probe induced cross-linking and possibly also probe size. This data hence indicates that the hop-diffusion that is observed by use of gold particles may very well be an artifact of the probe. However, this data while acquired with a much less invasive probe is yet limited by that the representative trajectory duration (~6 msec) is much less than the reported lifetime (~16 msec) of the proposed domains. Hence, we believe that further work is required to validate or disprove the concept of hop diffusion as it is currently presented.
Along this line, we have also initiated work in order to be able to validate the presented concept of hop-diffusion. In our preliminary results, we have imaged the molecular motion of an artificial lipid, biotin-cap-DPPE, in mouse embryo fibroblasts (MEFs) by using commercially available sAvQDs emitting at 655 nm (R H 11.4 nm; data not shown) in combination with an EMCCD camera (DU-860; Andor). In these experiments we have used an illumination time of ~0.52 msec and a sampling rate of ~1760 Hz Fig. (4) . [87, 100] . However, much further statistical analysis of this data is needed to fully characterize the observed confinement in this case. This data is however of course also subject to all the limitations associated with the use of larger probes.
SPT acquired at ~10-30 Hz reveals an entirely different picture for the plasma membrane organization. At this slower sampling rate hop diffusion is not observed. Instead observed confinement regions are either larger, longer lived or both. For example, SPT data acquired at ~30 Hz has identified membrane areas of ~100-300 nm diameter in which certain membrane targeting molecules (e.g. GPI-anchored proteins, GSLs, and phospholipids) are temporally confined to, but free to move within, for several seconds [54, 90, 94, 96, 105] . These areas, which are sometimes referred to as transient confinement zones (TCZs), are identified by probabilistic means by comparison of the instantaneous displacements in comparison to the expected displacements for a molecule that undergoes random diffusion [94, 105] . TCZs have been shown to be cholesterol dependent and to be dependent on GSL synthesis. This has led to the suggestion that TCZs are a kind of lipid raft [96, 105] . However, the size and lifetimes of identified TCZs are dependent on the time resolution of SPT [105] . Furthermore, it has been reported that TCZs are not observed even in data acquired at 30 Hz in the absence of probe-induced cross-linking [106] . This suggests that TCZs are an experimental artifact that is induced by probe induced cross-linking. SPT has also been used in this context to investigate sparse signaling of membrane proteins by use of intentionally multivalent gold particles. Using this method Chen et al. have found that GPI-anchored proteins undergo transient anchorage for periods ranging from 300 msec to 10 sec [92] . This transient anchorage was found to be dependent on cholesterol and Src family kinases [92] . Using a similar method, Suzuki et al. have also shown that small clusters of CD59 will transiently recruit several intracellular signaling molecules resulting in what the authors have termed stimulation-induced temporary arrest of lateral diffusion (STALL) with an average duration of 0.57 sec occurring every 2 sec [91, 101] .
In addition to the proposed nanostructures observed by SPT, SPT has also been used to identify specific interactions between plasma membrane molecules and molecular protein targets and the actin cytoskeleton inside the cell [52, 82, [107] [108] [109] [110] [111] [112] [113] .
COMPLEMENTARY TECHNIQUES
Many other forms of traditional light microscopy techniques, for example FRAP and FCS have the sufficient temporal resolution to be able to resolve transient structures, down to within a lifetime range of milliseconds to seconds, but the spatial resolution of information from the bleach spot and focal spot, respectively, are limited by diffraction to >200 nm (for reviews of traditional light microscopy techniques used to study membrane lateral organization see [40, 44] ). In contrast, electron microscopy, which has sufficient spatial resolution but of course no temporal resolution and which has been used to visualize relatively static nanostructures such as caveolae and clathrin-coated pits, has so far not been able to conclusively resolve additional nanostructure in the plasma membrane. More recently, new light microscopy techniques have also been introduced which offer subdiffraction limited spatial resolution, for example the related techniques photoactivated localization microscopy (PALM) and stochastic reconstruction microscopy (STORM). These methods can reach a spatial resolution of 20-40 nm by computational fitting of single molecule point spread functions in an image series where only a subset of labels are emitting in each frame [114] [115] , but the best temporal resolution reached by these techniques is 50 msec in the so-called sptPALM [116] . Perhaps the most significant developments, however, has been the introduction of stimulated emission depletion FCS (STED-FCS) by Eggeling et al. where the focal spot of FCS is significantly decreased to ~30 nm [117] , and an orthogonal confocal microscope based tracking technique developed by the same group reaching the same spatial and temporal resolution by determining the positions of dye labeled molecules using three point detectors placed in close proximity [118] . By these techniques it has been shown that sphingolipids in contrast to phospholipids are temporarily trapped for ~10 msec in ~10-20 nm sized domains in a cholesterol dependent manner [117] [118] .
OUTLOOK AND CONCLUSION
Gaining a better understanding of the molecular organization of the mammalian plasma membrane is expected to have far reaching consequences and may offer many rewards in biomedicine. For example, possible spatial regulation of cell signaling as a result of plasma membrane organization could help explain how specificity in externally mediated cell signaling cascades is maintained in the cytoplasm [119] . This is especially relevant considering that intracellular cell signaling cascades are extremely complex and involve multiple overlapping signaling second messengers, e.g. phosphoinositides (PtdIns) such as PtdIns(3,4,5)P 3 and PtdIns(4,5)P 2 which are downstream mediators in a variety of cell signaling pathways that are activated by an equally diverse number of extracellular stimuli including growth factor receptors, GPCRs, and immunoglobulin super family receptors [120] . Spatial regulation in cell signaling also offers the potential for drug targeting to receptor complexes rather than single receptors, a mechanism that could increase drug specificity and avidity.
A general consensus in the field is that the organization of the native plasma membrane is very heterogeneous and complex. This consensus view is strongly supported by SPT results which show a range of molecular motions (e.g. Brownian, confined and combinations thereof) and nanostructures from very transient (<100 msec) and small (<100 nm) to more stable (>1 sec) and large (>100 nm). A consequence of the observed heterogeneity is also that the lateral motion in the plasma membrane is time dependent such that the detection of structures requires that the accessible temporal sampling is faster, the duration is longer, and the spatial resolution is less than the lifetime and size of the structures. A second consequence is that the SPT results are strongly influenced by the probes that are used since it is the optical properties of the probe that dictates the accessible experimental spatial and temporal resolution. This is especially apparent in the case of hop diffusion which has repeatedly been shown by use of SPT with large functionalized gold particles (of ~Ø50 nm), since the required very fast sampling intervals, and for long durations, have thus far only been possible with these large probes. However, there are still many open questions about whether the results with larger probes in this case are a reflection of the membrane organization or is an artifact stemming from the probe size (e.g. frictional drag, steric interactions, and artificially induced cross-linking), in particular with respect to the reported magnitude of the diffusion coefficient. In contrast, even though SPT experiments with fluorescent dyes and proteins are less invasive, the temporal sampling is either too slow or the duration is too short to directly and conclusively observe or rule out transient and small structures such as those suggested for hop diffusion. The appropriate choice of probe in an SPT experiment should then always be made in relation to the relevant temporal scales, both in terms of the frequency and the duration, of the phenomena that are under investigation. Furthermore, considering the intricate link that exists in SPT between the probe and the results as well as the potential risks of probe induced artifacts, it is of utmost importance that all SPT results are carefully cross-validated, either with SPT using different probes, or alternative by the emerging techniques that are in some cases enabling investigations at equivalent spatial and temporal resolutions.
In relation to one of the other suggested nanostructures in the plasma membrane, the lipid rafts, there are also many remaining questions. In model membranes, lipid mixtures that are thought to be representative of lipid rafts form micrometer sized domains [33] . These domains are not observed in live cells, even though their formation can be artificially induced in cell blebs and plasma membrane spheres (PMS) [121] [122] . Membrane blebs and PMS have in com-mon that they exclude links to the actin cytoskeleton. A plausible explanation is then that actin filaments, in addition to restricting the free motion of membrane species as suggested by SPT results with gold particles, also are a limiting factor in the formation of large lipid domains, and which as a consequence only exist as small domains [117] [118] . This possibility has previously been suggested by Kusumi et al. [2] . Membrane topology, which is caused by e.g. actin cytoskeleton extensions and membrane ruffling could also have a significant influence on the observed molecular motion in the plasma membrane and should not be forgotten in the discussion of plasma membrane lateral organization [41] . 
